Polymer-bonded explosives are solid high-explosive particles that exhibit brittle behavior in uniaxial tension, quasi-brittle in uniaxial compression, and ductile when subjected to high confining pressure. Tension cracking is the primary failure mode of polymer-bonded explosives quasi-brittle solid, which will lead to overall failure of structural integrity. One characteristic of brittle or quasi-brittle solids, such as polymer-bonded explosives, is that when subjected to overall compressive loading, the tensile cracks will initiate inside the material due to existence of imperfection within the materials. In this study, extended finite element method is applied to analyze the cracking failure mechanism in the PBX 9502 platelike specimen with cavity subjected to overall compression. The nonlinear constitutive behaviors and failure of polymerbonded explosives under complex stress states were described by means of stress state-dependent strength surface, non-associated flow rule, and cohesive failure model. Analysis indicates that the tensile stress around the cavity arises in the specimen under overall compression, and this local tensile stress will lead to cracking initiation. The comparison between simulation results and the experimental data reported by Liu and Thompson shows that they are in agreement with each other on some aspects of crack behaviors, including overall development of crack history and inflection, crack initiation moment, and crack initial speed.
Introduction
Polymer-bonded explosives (PBX) are highly particlefilled composite materials comprising 90%-95% by weight of explosive crystals and 5%-10% by weight of polymeric binder. They have been used in a wide variety of applications ranging from rocket propellants to the main explosive charge in conventional munitions for civil and defense fields. [1] [2] [3] [4] In recent decades, governments and engineering fields have attached great importance to the safety and reliability of PBX components under low-speed impact, and so the failure of PBX explosives has attracted great attention among the academic circle.
It is generally believed that the ignition mechanism of explosives under low-velocity impact includes the following: elastic-plastic or visco-elastoplastic deformation, damage and failure, crack initiation and growth, plastic localization, and plastic work conversion into heat and heat conduction. 13 It is found from the experimental observation that the plastic deformation and subsequent cracking problems of the energetic materials directly affect the evolution of the reaction (such as increasing the surface area will accelerate the combustion rate) and the reaction level.
14 The nonhomogeneous damage within the material has great influence on the mechanical properties and sensitivities of explosives, and crack propagation will directly affect structural integrity. 15, 16 Therefore, it is necessary to understand the response of this material to mechanical stimulation and then provide theoretical supports for assessing the risk of crack occurrence and developing crack suppression technology.
In different stress states, PBX explosive has obvious characteristics of brittleness in tension, quasi-brittleness, and confining ductility in compression. Brittle cracking under tensile stress is one of the main failure modes of solid explosive and also one of the main factors leading to the overall failure of material. Brittle or quasi-brittle solids (such as PBX) exhibit a basic feature: the non-uniform deformation field and stress field arise near the microvoids in the material, even if subjected to compressive load as a whole, due to the inhomogeneous (e.g. microvoid) in the material, and the non-uniform stress fields lead to stress concentration; when the local stress such as tensile stress reaches the failure stress of the material, the local tensile crack (microcrack) will occur. With the development of load, the microcrack will further evolve and grow and eventually lead to the overall damage of the material or structure. In order to verify this characteristic of PBX, Liu and Thompson 17 carried out the experimental study on crack and propagation of PBX 9502 explosive specimens with a hole applied by overall compressive stress. In this article, the extended finite element method (XFEM) method is used to simulate the crack behavior observed in this test.
The mechanical tests of material properties show that PBX exhibits different mechanical behaviors under different stress states, [18] [19] [20] which brings great difficulties to numerical modeling. [21] [22] [23] In this study, the stress state dependent strength model and non-associated flow rule are applied to describe the nonlinear constitutive behavior of the material under complex stress states. Meanwhile, PBX exhibits brittle/quasi-brittle characteristics in the failure mode. The local tensile microcracks initiate near the voids within material, even if subjected to compression loading as a whole, and the microcracks evolve and grow as the load develops, leading to overall failure. 17, 24, 25 For the purpose of characterizing the heterogeneity of brittle PBX, a perforated rectangular plate, where a diamond-shaped cavity with traction-free surface is located at the center, was chosen as a typical imperfection. The simulation was performed on this configuration subjected to compression.
In the simulation of PBX brittle tensile crack behavior, the usual methods which are used include numerical simulation method by continuous damage mechanics, 26, 27 direct numerical simulation method, 28 multiscale 29 or mesoscopic numerical method, 30 and XFEM. [31] [32] [33] [34] [35] In this study, the cohesive-based XFEM method was used to analyze the crack initiation and failure of PBX 9502 plate with cavity against compression failure test. 17 
Fundamentals of XFEM
XFEM is a new finite element method to solve the problem of fracture mechanics. It was first introduced by Belytschko and Black. 31 XFEM is an extension of the conventional finite element method based on the concept of partition of unity. 36 XFEM solved the problem of crack propagation in the finite element using the idea of mesh separation independent. While retaining all the advantages of the traditional finite element analysis (FEA), it is not necessary to mesh the existing cracks inside the structure. By far, XFEM is the most effective numerical method for solving the problem of discontinuities. It studies the problem within the framework of the standard finite element method, retaining all the advantages of the finite element method. This makes XFEM one of the main methods for simulating crack propagation. It represents the major advances in the numerical methods of computational mechanics field over the past decade. XFEM does not require aligning of the meshes when dealing with cracks, and mesh refinement is not needed during crack growth, and high-precision numerical solutions can be obtained even on coarse meshes. These advantages of XFEM make this method very active in the field of computational mechanics for more than a decade. 31, 33 In the simulation of stable discontinuities such as cracks, the conventional finite element method requires that the mesh be consistent with the geometric discontinuities. Therefore, the mesh should be refined at the crack tip to obtain the singular asymptotic field. When simulating moving cracks, this method becomes clumsy, because the mesh needs to be constantly modified to adapt to discontinuous geometric characteristics. The fundamental difference between XFEM and conventional finite element method is that the meshes used in XFEM are independent of the geometric or physical interfaces in the structure, which overcomes the difficulties of high-density meshing in stress concentration field such as crack tip, and the meshes in XFEM do not need to be refined in simulating crack propagation.
For the purpose of cracking analysis, the enrichment functions typically consist of the near-tip asymptotic functions that capture the singularity around the crack tip and a discontinuous function that represents the jump in displacement across the crack surfaces. The approximation for a displacement vector function u with the partition of unity enrichment is
where N I are the usual nodal shape functions; the first term on the right-hand side of the above equation, u I , is the usual nodal displacement vector associated with the continuous part of the finite element solution; the second term is the product of the nodal enriched degree of freedom vector, a I , and the associated discontinuous jump function HðxÞ across the crack surfaces; and the third term is the product of the nodal enriched degree of freedom vector, b a I , and the associated elastic asymptotic crack tip functions, F a ðxÞ. The first term on the right-hand side is applicable to all the nodes in the model; the second term is valid for nodes whose shape function support is cut by the crack interior; and the third term is used only for nodes whose shape function support is cut by the crack tip. The crack tip functions F a ðxÞ are given by
where ðr; uÞ is a polar coordinate system with its origin at the crack tip and u ¼ 0 is tangent to the crack at the tip. The term ffiffi r p sin ðu=2Þ takes into account the discontinuity across the crack face.
In the framework of XFEM method, the tractionseparation cohesive behavior of material 37 is used to simulate crack initiation and propagation. The phantom nodes, which are superposed on the original real nodes, are introduced to represent the discontinuity of the cracked elements, as illustrated in Figure 1 . 38, 39 When the element is intact, each phantom node is completely constrained to its corresponding real node. When the element is cut through by a crack, the cracked element splits into two parts. Each part is formed by a combination of some real and phantom nodes depending on the orientation of the crack. Each phantom node and its corresponding real node are no longer tied together and can move apart.
The magnitude of the separation is governed by the cohesive law until the cohesive strength of the cracked element is zero, after which the phantom and the real nodes move independently. To have a set of full interpolation bases, the part of the cracked element that belongs in the real domain, O 0 , is extended to the phantom domain ðO . The equivalent polynomial methodology originally developed by Ventura and Benvenuti 40 for a cracked element enriched with a Heaviside enrichment function has been extended to evaluate the stiffness matrix for the cracked element composed of real and phantom nodes. It has been proven to exhibit almost no mesh dependence if the mesh is sufficiently refined.
XFEM-based cohesive behavior
The cohesive model belongs to the damage model. It was first introduced by Barenblatt 37 and used the traction-separation law (TSL) to simulate the decohesion of the atomic lattice, so as to avoid the singularity of the crack tip. 41 The cohesive model, combined with '''' denotes original nodes and ''s'' denotes phantom nodes.
the finite element method, was first used in simulations of concrete and was later introduced into simulations of metals, ceramics, composites, and more. Cohesive interfaces or elements shall obey to the TSL, including viscoplasticity, viscoelasticity, rupture, fiber breakage, kinetic failure, and cyclic loading failure. The typical separation laws are Needleman's law, 42 Hillerborg's law, 43 and Bazˇant's law. 44 In this study, the crack propagation analysis is performed based on the XFEM-based cohesive segment method, the linear elastic TSL model, the damage initiation criterion, and the damage evolution law. In the elastic TSL model, the initial linear elastic behavior is assumed, followed by the onset and evolution of damage. The linear elastic behavior is expressed as the linear relationship between the cohesive stress and the open displacement of the cracking element, namely
In which
where t is the nominal traction stress vector and t n , t s , t t represent the normal and the two shear tractions, respectively, and the corresponding separations are denoted by d n , d s , d t . The normal and tangential stiffness components will not be coupled: pure normal separation by itself does not give rise to cohesive forces in the shear directions, and pure shear slip with zero normal separation does not give rise to any cohesive forces in the normal direction. K is the stiffness matrix, whose terms are calculated based on the elastic properties for an enriched element.
The maximum principal stress criterion is applied to model the cracking initiation, which can be represented as
That is, damage is assumed to initiate when the maximum principal stress ratio reaches a value of one. Here, s 0 max represents the maximum allowable principal stress, in MPa. The symbol hi represents the Macaulay bracket with the usual interpretation.
A scalar damage variable, D 2 [0,1], represents the averaged overall damage at the intersection between the crack surfaces and the edges of cracked elements. The variable monotonically evolves from 0 to 1 upon further loading after the initiation of damage. The damage evolution equation is described as energy dissipation according to
Here, s eqC is the equivalent fracture energy release rate, in J m 22 , which is described in Benzeggagh and Kenane 45 by the following formula
When material undergoes damage, the normal and shear stress components are affected by the damage according to
The crack will not occur when normal compression state is applied, that is, t n ¼ T n . Components T n , T s , and T t are the normal and shear stress components predicted by the elastic traction-separation behavior for the current separations without damage.
Under a combination of normal and shear separations across the interface, an effective separation is defined as following, so as to describe the comprehensive evolution of damage
Description of plastic deformation of PBX under complex stress states
Many scholars have carried out a series of experiments and theoretical studies on the mechanical properties and constitutive relations of PBX materials. Belmas and Reynier 18 and Ellis et al. 19 conducted quasi-static uniaxial tension and uniaxial compression experiments and showed that PBX material shows brittle behavior in uniaxial tension and shows plastic hardening/softening characteristics in uniaxial compression, indicating obvious tension-compression asymmetry. The tensile and compressive tests of PBX 9502 by Thompson et al.'s test data showed that the material exhibits nonlinear characteristics such as tensile brittleness and compressive ductility at temperatures of 50 and 220°C. As shown in Figure 4 , the tensile-compressive strength ratio is about 0.458, the modulus ratio is about 1.45, and the yield stress ratio is about 0.458. It can be seen that the tension-compression asymmetry of PBX 9502 under quasi-static state is mainly reflected in modulus, yield stress, maximum stress, strengthening, and softening. The asymmetry brings great difficulties to numerical modeling.
According to the deformation characteristics of triaminotrinitrobenzene (TATB)-based explosives, such as the tension-compression asymmetry at quasi-static experiments at 50°C, 20 as shown in Figure 2 , the pressure-dependent yield surface, the non-associated flow law, and the stress state dependent weighting function are utilized to describe the mechanical behavior of the material under complex stress conditions.
The tensile and compressive test data are introduced into the model.
Yield surface
The PBX is described in the elastic deformation model using a linear elastic constitutive model, and the same modulus in tension and compression is assumed. In the plastic deformation stage, the confining pressure has an influence on its mechanical properties, since PBX material is an internal friction material. Therefore, the first invariant of stress tensor (or hydrostatic pressure) should be introduced into the yield function. In this study, the research findings of Lubliner et al. 46 are adopted, which are devoleped by Lee and Fenves 47 by considering the difference in strength between tensile and compressive stresses. The evolution of yield surface consists of two independent evolution parametersẽ P t andẽ P c , which are as follows 
Flow potential function
Unlike metallic materials, the cohesive friction materials exhibit dilatancy characteristics, and non-associated flow law should be used to calculate the plastic deformation
where _ l is the non-negative plasticity consistency parameter and the potential function G is assumed in the form of Drucker-Prager hyperbolic function. s t0 is the failure stress in uniaxial tension, in MPa. c is the dilatancy angle and e is the eccentricity. The incremental constitutive relations can be established from yield surface and flow potential function as following 50 ds
Plastic strain evolution
For the materials with tension-compression asymmetry, the plastic strain should be calculated by three principal strains weighted by distance function in stress space, that is According to the test data of PBX, 18,48,51 the material parameters are listed in Table 1 .
Computational model and analysis
In this study, the computational model is from the experimental configuration by Liu and Thompson. 17 The tested material is TATB-based explosive, the temperature is 50°C, and the test is carried out by uniaxial compression. The loading rate is 1.27 mm min -1 . The specimen geometry is a perforated rectangular plate, where a cavity with traction-free surface is located at the center, as shown in Figure 3 . The overall dimensions of the plate are as follows: 76.2 mm in height, 38.1 mm in width, and 12.7 mm in thickness. The cavity at the center of the plate has circular curved sections connected by four straight lines. The radii of curvature for the end-point and central curved sections are 6.35 and 1.905 mm, respectively. The length of the cavity is 19.05 mm.
In numerical simulation, the plate is meshed by quadrangular plane stress elements. The element size is about 0.5 mm. The maximum principal stress and fracture energy criteria are used.
The results of XFEM analysis using code PANDA show that the stress and deformation field around the cavity of the plate subjected to overall compression are not uniform. The first principal stress at the upper and lower ends of the cavity is in tensile state, which is the largest on the inner wall. Figure 4(b) shows the principal stress distribution along the inner wall of the cavity between points A and B. It can be seen that the first principal stress is the largest at point A and the third principal stress and shear stress are the maximum (absolute value) at point B. Therefore, the cracking mode and failure is first initiated on this point, and the direction of crack will be perpendicular to the direction of maximum principal stress. Second, the shear failure mode will initiate at point B. From the measured correlation coefficient field, these results can also be confirmed, 17 see Figure 5 . Numerical simulation shows that non-uniform deformation and stress fields are generated near the holes in the specimen under the effect of external compressive stress, resulting in stress concentration or high stress gradient. When local stress such as tensile stress reaches material failure stress, local cracking initiates, as shown in Figure 6 . This demonstrates that the tensile cracking originates from heterogeneity in brittle solid subjected to overall compression.
As the external compressive load is further applied, the deformation develops and the crack rapidly grows from the initiation site (i.e. point A in Figures 4 and 6 ) along the direction of maximum principal stress, resulting in the two macrocracks. Figure 7 shows crack growth and macrocrack position at different moments. Figure 6 (a) shows the experimentally measured cracks and 6(b) shows the numerically simulated cracks in this study. Figure 8 presents the eventual cracks, originating from point A on the inner wall of the cavity. Figure 8(a) is the experimentally measured cracks, 21 while Figure 8(b) is the numerically simulated cracks. Figure 9 shows the prediction of the mixed crack. When the end-face displacement is applied to both the longitudinal and transverse directions, a mixed-type I-II crack occurs near the apex of the inner wall of the cavity. The numerical results show that the trend of crack growth is consistent with the experimental results, for example, the overall trend and inflection point of the upper and lower cracks. The cracking initiation moments for experiment and simulation are both at d=H ¼ 0:32% (about 0.2 min). The initial crack speed is approximately constant. The experimental measurment is 1.76 mm s -1 , while the numerical simulation is 1.77 mm s -1 . They are very close. The simulation also shows that the top and bottom cracks have a slight difference in growth history due to friction, which the experiment also indicates.
From the comparison in detail, it shows that the nonlinear constitutive description and method based on XFEM are feasible to simulate the initiation and propagation of crack Type I of PBX. Numerical simulation can give a good prediction on the overall development of crack initiation and growth. However, in some details, such as (1) numerical simulation results show that the crack propagation has a lag compared with the measured value and (2) in the late stage of crack development, there is a certain deviation between the simulated and measured crack locations. Possible reasons are as follows:
1. Theoretically, enough high resolution is required to identify the crack and capture the crack tip location in experiments, but it is very difficult to do in actual measurements, which may lead to some differences of crack location between experiment and simulation. 2. In the current calculation of XFEM, the simplified algorithm leads to crack crossing one element at one time step, and the crack speed in the element is infinitely fast. When the mesh is not fine enough and time step is not small, some difference of the crack growth will arise between experiment and simulation. 3. In the simulation of cracked interfaces, the damage of material leads to the softening and stiffness degradation of the material, and the numerical algorithm encounters the problem of convergence. To overcome this difficulty, the viscosity coefficient that characterizes the relaxation time of viscous system is introduced into the algorithm of cohesive constitutive model for viscosity regularization. This also leads to a small degree of slackening effect on material failure simulation. 4. Because of the mesoscopic heterogeneity of PBX, the mechanical parameters have a certain degree of random distribution. In the process, the perimeter of the cavity is damaged to a certain degree, which may lead to local jumps on the crack propagation curve, for example, the bottom curve. The numerical method of this study did not account for these effects.
Concluding remarks
1. For the quasi-brittle solid PBX, heterogeneity is the primary inducement for local tensile cracking, even if compression is applied. Under the condition of overall compressive stress, nonuniform stress and deformation fields occur around the hole, resulting in local stress concentration. When the local tensile stress reaches the material failure strength, the cracking failure mode initiates at the local location. With the load and deformation development, the cracking damage continues to evolve. While the critical value is reached, the crack further grows and propagates along the region of maximum principal stress, which eventually leads to the overall cracking of the material. This is the cracking mechanism of the hole-containing plate in compression. Reducing the concentration of tensile stress along the inner wall of the hole will help prevent cracking failure. 2. The overall trend of crack propagation given by numerical simulation is in good agreement with the experimental results, including the cracking initiation time, the initial crack growth rate, and the inflection point of cracking history. It shows that the nonlinear constitutive description and the method based on XFEM and cohesive model are suitable for simulating the initiation and propagation of crack of Type I, and numerical simulation can give a good prediction on the overall developments such as crack initiation and growth. 3. There is a certain degree of random distribution of PBX macroscopic mechanical parameters due to the mesoscopic heterogeneity of PBX. Therefore, statistical test data are required to introduce the statistical properties of the material parameters into the numerical simulation.
